A single nucleotide polymorphism (SNP; C vs. T) that creates an extra GATA-1 site (T allele) in intron 4 of the swine erythropoietin receptor (EPOR) gene was discovered and a genotyping assay for this SNP was developed. A total of 402 gilts from lines selected either at random (control), for ovulation rate (OR) or for uterine capacity (UC) for 11 generations were unilaterally hysterectomized-ovariectomized (UHO) at 160 days of age, mated at approximately 250 days of age and slaughtered at 105 days of pregnancy. Blood samples and spleens were collected from each foetus and the numbers of corpora lutea (CL) and live foetuses, the weights of each foetus and placenta, and each foetal haematocrit were recorded. In addition, intact gilts from the OR line or from a Yorkshire, Landrace, Duroc, crossbred line (BX) were mated and farrowed. At farrowing, the numbers of fully formed and live piglets were recorded for each litter. Genomic DNA was isolated for both the UHO and intact gilts, from foetuses from the UHO gilts that were heterozygous for the EPOR SNP, and from the boars from the BX line and were then used to determine EPOR SNP genotypes. Only CC and CT gilts were observed in the control, OR and UC selected lines. Presence of the EPOR T allele was associated (P < 0.05) with increased UC in these gilts. The number of heterozygous and homozygous foetuses did not differ within UHO litters, or did EPOR genotype influence foetal haematocrit. In intact gilts from the OR line, litter size was significantly associated (P < 0.05) with EPOR SNP genotype. Finally, results from intact gilts of the BX line, in which both the gilt and the boar genotypes were known, allowed an analysis to determine the effect of the gilt and/or the foetal genotype on litter size. This analysis indicated that the predicted foetal genotype (with gilt genotype as covariate) was associated with litter size (an increase of 2.6 ± 1.0 piglets born alive predicted for homozygous T litters compared with homozygous C litters, P < 0.01) whereas the effect of the gilt genotype (adjusted for foetal genotype) on litter size was not significant. These results indicate that the EPOR SNP is associated with UC and litter size in two distinct populations and could be useful in increasing litter size in swine that are not limited in OR.
Introduction
With current technology, uterine capacity (UC) represents the major limit to litter size in swine (for review see Vallet 2000) . Selection for UC using the unilaterally hysterectomized-ovariectomized (UHO) surgical model (Christenson et al. 1987) increased UC by approximately one live foetus per uterine horn (Christenson & Leymaster 2002) compared with a randomly selected control line. Thus, alleles associated with increased UC should be in greater frequency in the UC selected line. In addition, previous reports from our laboratory have suggested that foetal erythropoiesis may influence UC (Pearson et al. 1998; Vallet et al. 2002 Vallet et al. , 2003 .
The erythropoietin receptor (EPOR) controls the terminal differentiation of foetal red blood cells (Moritz et al. 1997 1 ). Thus, the EPOR gene is a good candidate gene for association with UC. The objective of the current study was to determine whether DNA sequence variation in the EPOR gene is associated with UC in swine.
Materials and methods

SNP discovery and genotyping assay
Genomic DNAs were isolated from 44 pigs from various populations, including one pig from a line selected for ovulation rate (OR), one pig from a control line, 21 pigs from a population of half Meishan, half white crossbred gilts, 20 pigs from a Yorkshire, Landrace, Duroc crossbred population and one pig from a Yorkshire, Landrace crossbred population. DNA was isolated from either tail tissue collected at birth or semen samples using a salt extraction method (Kappes et al. 2000) . A primer pair was developed to amplify a region of the porcine EPOR gene predicted to encompass parts of exons 3, 4 and 5 and introns 3 and 4 (Table 1) by comparison with the human EPOR gene (GenBank accession number AJI011295). The region was amplified using the following thermocycling conditions: 95°C for 30 s followed by 35 cycles of 95°C for 15 s, 58°C for 1 min, 72°C for 2 min. An approximately 1000 bp product for each sample was isolated by gel purification using GENECLEAN (Qbiogene, Carlsbad, CA, USA) according to the instructions provided with the kit. The EPOR gene fragments were sequenced in each direction using cycle sequencing with the two EPOR-specific primers (Table 1) . The resulting sequences were aligned using VECTOR NTI software (Informax, Frederick, MD, USA) and were examined for polymorphisms. A single nucleotide polymorphism (SNP) that appeared to occur at a very low frequency was observed in putative intron 4. A genotyping assay for this polymorphism was constructed using primer extension and mass spectrometry (Sequenom, San Diego, CA, USA; Table 1 ).
Collection of phenotypic data in unilaterally hysterectomized-ovariectomized gilts
Collection of the phenotypic data from the UHO gilts used in this experiment was described by Christenson & Leymaster (2002) . Data were collected during four farrowing seasons. Briefly, 402 gilts (144 from the control line, 146 from the OR line and 112 from the UC line) were UHO at 160 days of age, and then mated at approximately 250 days of age. These gilts were progeny from the crossing of two separate replicates of the selection experiment, which was done to relieve inbreeding. Thus, for the most part, gilts were unrelated to each other. Gilts were slaughtered at 105 days of gestation, the remaining uterine horn was recovered, opened, and a blood sample was obtained from each living foetus. Then, each foetus and placenta was removed and weighed. In addition, the numbers of living and dead foetuses (mummies) were recorded for each litter. Spleens were collected from each foetus. Finally, the ovary was dissected to count the number of corpora lutea (CL). Foetal blood samples were used to determine haematocrit and foetal plasma iron concentrations as previously described (Vallet et al. 2002) . DNA was isolated from tail tissue of each gilt using the salt extraction method. The genotype of each gilt was then determined using the EPOR SNP genotyping assay described above. DNA was also isolated using Wizard (Promega, Madison, WI, USA) kits from the spleen tissue of all foetuses of gilts that were determined to be heterozygous for the EPOR SNP and the DNA was used to determine the genotypes of each foetus in the litters. In addition, DNA from the boars that produced the litters was isolated from tail tissue using Wizard kits and these were used to genotype the boars to confirm that the boars were homozygous for the C allele.
Collection of phenotypic data in intact gilts
Phenotypic information was also collected from 131 intact gilts from the OR line, as described in Christenson & Leymaster (2002) . Briefly, OR gilts were bred at 250 days of age and farrowed. At farrowing, the number of fully formed piglets born and the number of piglets born alive were recorded. DNA was isolated from tail tissue from these gilts using the salt extraction method and used to determine the EPOR genotype of each gilt.
Finally, the association between the presence of the SNP and litter size in a population of 622 gilts unrelated to the Meat Animal Research Center (MARC) selection lines was explored. This population was constructed by crossing white crossbred (Yorkshire-maternal Landrace) gilts with terminal sire Landrace or Duroc boars from several external sources (12 sire lines per breed), and then inter se mating the progeny. The total number born and the number born alive were recorded for all gilts in this population over eight farrowing seasons. DNA from blood from the original white crossbred gilts and semen from the original terminal sire boars was obtained using the salt extraction method. DNA from all female progeny for which litter size data were available, and for the sires of these matings, was obtained from tail tissue collected at birth using Wizard kits. The DNA was genotyped using the EPOR SNP genotyping assay described above.
Statistical analysis
For the data from UHO gilts, foetal haematocrit, foetal plasma iron, and foetal and placental weights were averaged within each litter. Litter size (a measure of UC), number of CL, within litter average foetal weight, placental weight, foetal haematocrit and foetal plasma iron concentrations were analysed using the PROC MIXED procedure of SAS. The model included effects of the maternal EPOR SNP genotypes, selection line (control, OR, UC), season, and the line by season interaction as fixed effects. Foetal sire was included in the model as a random effect. Effects of foetal EPOR SNP genotypes on individual foetal haematocrits, foetal plasma iron concentrations, foetal weights and placental weights were analysed using PROC MIXED with a model that included the effects of line, season, line by season and foetal EPOR SNP genotypes. Gilt within line by season was included in the model as a random effect.
Effects of maternal EPOR SNP genotypes on numbers of fully formed and live piglets born to intact OR gilts were analysed using PROC MIXED and a model that included the effects of farrowing season and maternal EPOR genotypes as fixed effects, and foetal sire as a random effect.
Effects of EPOR SNP genotypes on the numbers of fully formed and live piglets born to the Yorkshire, Duroc, Landrace crossbred line gilts were analysed using PROC MIXED. For these data, genotypes of both the sire and the dam of the litter were known. This allowed an analysis to distinguish between the effects of the maternal and piglet EPOR SNP genotypes by fitting both factors simultaneously. The actual piglet genotypes were not known. However, the predicted frequency of the T allele in the piglets of each litter (0, 0.25, 0.5, 0.75 and 1) could be calculated based on the boar and gilt genotypes. Data were then analysed using a model that included farrowing season, the effects of the maternal EPOR SNP genotype, the linear effect of the predicted frequency of the T allele in the piglets of the litter, and the interaction of the maternal EPOR SNP genotypes and the linear effect of the predicted piglet T allele frequency. The boar used to produce each litter was included in the analysis as a random effect. Simultaneously fitting the maternal genotype and piglet genotype effects allowed an estimate of each effect adjusted for the other.
Results
SNP discovery
Only a single, low frequency C/T SNP was detected within the region of the EPOR gene that was sequenced. The sequence surrounding and including this polymorphism was examined using signal scan to locate potential transcription or enhancer consensus sequences within this sequence, and the results of this analysis are presented in Fig. 1 . The SNP T allele created a new GATA-1-binding site within intron 4. In addition, other binding sites for Sp1, CCACC-binding protein (CBP) and GATA-1 were also found within the intron. Because of its potential effect on transcription of the EPOR gene, this polymorphism was chosen for further study. The C/T polymorphism is indicated in the box, which also surrounds the GATA-1 site completed by the T allele. Sp1 (Chin et al. 1995) , CCACC-binding protein (CBP; Youssoufian 1994) and GATA-1 (Chiba et al. 1991) 
UHO gilts
Results from the UHO gilts from the three selected lines are summarized in Table 2 . No gilts homozygous for the EPOR T allele were observed. The frequency of the T allele was 2.8 and 3.1%, which did not differ, and 7.6% (P < 0.05) for control, OR, and UC line gilts, respectively, suggesting that a homozygous TT gilt would be expected at the rate of around one in 500 gilts. Because of the low T allele frequency in these lines, data from all three lines were combined. Uterine capacity (P < 0.05) and average litter foetal plasma iron (P < 0.05) differed significantly between CC and CT gilts. No differences between EPOR SNP genotypes were observed in the other traits.
Results from individual foetuses within litters of gilts that were heterozygous, and for which the boar was homozygous C for the EPOR SNP, are presented in Table 3 . No significant effects of EPOR SNP genotype were detected on any of the traits measured.
Intact gilts
Results from the intact OR gilts (Table 4) were similar to the results of the UHO gilts in that gilts that were heterozygous at the EPOR locus had a greater number of fully formed and born alive piglets at farrowing (P < 0.05) compared with homozygous CC gilts. However, because of the low frequency (2.7%) of the T allele in this population of gilts, only seven gilts were heterozygous for the EPOR SNP.
The association between the EPOR SNP and litter size was also examined in a population of Yorkshire, Landrace and Duroc crossbred pigs that was unrelated to the MARC selected lines. For both the total piglets born and the number of piglets born alive, neither the interaction between the maternal and foetal genotypes, nor the effect of the maternal EPOR SNP genotype was significant. The effect of the predicted foetal EPOR T allele frequency on the total number of piglets born approached but did not reach statistical significance (P ¼ 0.07; Fig. 2 ). In contrast, the effect of the foetal EPOR T allele frequency on the number of piglets born alive was statistically significant (P < 0.01). The prediction equation for the linear effect of the foetal T allele frequency predicted that litters in which all foetuses were homozygous for the T allele would have 2.6 ± 1.0 more piglets born alive than litters in which all foetuses were homozygous for the C allele (Fig. 2) , although no litters predicted to be homozygous for the T allele were observed. Thus, these data suggest a significant association between the EPOR genotype of the foetus and litter size.
Discussion
This is the first report of a polymorphism in a defined gene that is associated specifically with UC, although others have Two of the CT gilts from the selected lines were mated to CT boars, and foetal data from these matings were excluded. 1 Differences between genotypes were not significant.
EPOR, erythropoietin receptor; SNP, single nucleotide polymorphism. shown associations between quantitative trait loci (QTL) regions and UC (Rohrer et al. 1999) or between defined genes and litter size (see below). The association between the EPOR SNP and difference in litter size was also found in intact gilts from the OR selected line and the Yorkshire, Landrace, Duroc crossbred line, which is consistent with the concept that UC is a component trait of overall litter size (Christenson et al. 1987) . Although the EPOR gene was initially chosen based on a predicted influence on foetal erythropoiesis, no associations between foetal haematocrits and EPOR SNP genotype were detected. Nonetheless, the effect of the EPOR SNP is most likely mediated by effects in the foetus, and the magnitude of the increase in litter size was estimated to be two to three piglets born alive per litter. Thus, genetic variation in the EPOR gene influences UC, and could be exploited to improve litter size in swine.
There have been several reports of chromosomal regions that affect litter size or UC. These investigations use two approaches: use of a genome scan or investigation of candidate genes. Using the genome scan approach, QTL for litter size have been observed on porcine chromosomes 6 (Wilkie et al. 1999 ), 8 (King et al. 2003 and 11 (Cassady et al. 2001) . A QTL for UC has also been reported on chromosome 8 (Rohrer et al. 1999) . The EPOR gene is located on chromosome 2 (Fahrenkrug et al. 2000) . Thus, the location of this gene is different from QTL previously associated with litter size or UC.
The candidate gene approach has been used to demonstrate associations between specific genes and litter size.
Polymorphisms in the oestrogen receptor (Rothschild et al. 1996; Short et al. 1997) , prolactin receptor ) and retinolbinding protein (Rothschild et al. 2000) genes have all been reported to be associated with litter size in pigs. However, others have investigated the association of these loci with litter size and obtained equivocal results (Van Rens et al. 2000 Drogemuller et al. 2001; Linville et al. 2001) . Polymorphisms associated with a trait in one population of pigs may not be associated with that trait in other populations, due to recombination events, lack of similar segregating QTL nearby, sampling or other mechanisms. However, polymorphisms that alter gene function, either by changing the coding region of the protein, translation or stability of the mRNA or control of transcription of the gene would be expected to cause similar effects across different populations of pigs (barring effects of epistasis at other loci).
We have previously shown that the transcription of the EPOR gene increases dramatically in the foetal liver between day 24 and 40 of pregnancy (Pearson et al. 2000) . During this period, foetal red blood cells change from mostly nucleated (immature) to mostly non-nucleated (adult type) red blood cells. Foetuses are also unusually susceptible to loss due to intrauterine crowding during this period (Knight et al. 1977; Vallet 2000; Vonnahme et al. 2002) . Intrauterine crowding is also associated with a decrease in foetal weight (Knight et al. 1977; Vallet & Christenson 1993; Vallet et al. 2003) and foetal weight is positively correlated with foetal haematocrit (Pearson et al. 1998; Vallet et al. 2002) . Thus, intrauterine crowding produces a subset of small foetuses within a litter with impaired foetal red blood cell development and this could contribute to the foetal losses. The EPOR binding to EPO is known to control the maturation and number of red blood cells (Moritz et al. 1997) , and thus, is a candidate gene for associations with UC and litter size. Although differences in UC were detected, no effect of the EPOR SNP on foetal haematocrit on day 105 of pregnancy was observed. However, signal scan analysis of the region surrounding the SNP suggested that this region might affect transcription of the EPOR gene. Intron 4 has similarity to regions known to control both the transcription of the EPOR and b-globin genes, in that it contains binding sites for GATA-1, Sp1 and CBPs, three proteins involved in transcriptional control in erythroid cells (Chiba et al. 1991; Youssoufian 1994; Chin et al. 1995; Ohneda & Yamamoto 2002 2 ). These transcription factors operate remotely to the gene being transcribed (Strauss & Orkin 1992) . The T allele of the SNP introduces an extra GATA-1 site, and GATA-1 gene expression in mice peaks at the proerythroblast stage (Ohneda & Yamamoto 2002) . These primitive red blood cells are present in the circulation of pig foetuses before day 30 and disappear by day 40 of gestation (Pearson et al. 1998) . Thus, an SNP that creates an extra GATA-1 site in the EPOR gene could be predicted to alter EPOR gene transcription, possibly accelerating foetal red blood cell maturation, and could easily be a functional polymorphism for this trait. This proposed effect would be similar to that observed in Meishan pigs (Pearson et al. 1998; Vallet et al. 2003) , a breed reported to have greater embryonic survival and UC than European breeds (Haley & Lee 1993) . Further experiments to examine differences in foetal red blood cell maturation and foetal liver expression of EPOR during the period between day 25 and 40 of pregnancy are planned. Uterine capacity and litter size are related traits that are influenced by genes that are expressed by both the gilt and the foetus. For a given gene polymorphism that is associated with either trait, it can be difficult to determine whether the association is with the maternal or the foetal genotype, because the two are confounded. In the experiments reported here, two opportunities to distinguish between maternal and foetal genotype effects were available. If the effect of the EPOR SNP on UC and litter size is based on the foetal genotype, then within the litters of CT gilts mated to CC boars (Table 3 ), more CT foetuses should be present. Although a trend favouring CT foetuses was present, the difference was not significant. By fitting both the maternal and foetal genotype effects simultaneously, the independent portions of the maternal and foetal genotype effect was estimated in the Yorkshire, Landrace, Duroc crossbred population. When this was done, the maternal genotype effect, adjusted for the foetal genotype effect, was not significant. By contrast, the foetal genotype effect, adjusted for the maternal genotype effect, remained statistically significant. Thus, this analysis provides evidence that the association between the EPOR SNP and litter size is primarily a foetal genotype effect, and is consistent with the hypothesis that the EPOR SNP may affect foetal erythropoiesis. The absence of any effect of the EPOR SNP on foetal haematocrit at day 105 of gestation is most likely explained by the fact that samples for analysis of foetal haematocrit were collected during late pregnancy, when the effect of the genotype may not be observable. Nevertheless, because the effect appears to be foetal, the results indicate that selection of boars for the EPOR SNP should be an effective strategy to modify litter size.
Finally, an SNP associated with foetal survival, such as that presented here, would be expected to increase in frequency over time, as foetuses possessing the beneficial allele would be favoured. Yet, in both the selected lines and the BX line, the frequency of the favourable T allele was relatively low, although selection for UC did significantly increase T allele frequency in the UC line compared with the control line. Two explanations seem likely. First, because the T allele is associated with UC, the effect of the genotype on survival would only be expected to occur in gilts with ORs that exceed UC. Secondly, UC itself is likely to be a multigenic trait. Polymorphisms in numerous genes affecting uterine, placental or foetal functions likely influence this complex trait. Selection pressure on any single polymorphism in a particular gene would likely be small against such a background of competing genetic variation. Individual genetic markers would be expected to be most useful given this potential scenario. However, because litter size requires both high OR and high UC, this SNP is only likely to be useful in gilts in which OR exceeds UC.
